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Abstract 
A natural convection oven with controlled air temperature, vision and weighting system interfaced with computer 
was used to obtain the drying kinetics data. Spherical potatoes samples with 10mm diameter are used in the 
experiments. During drying, the operating conditions carries out inside the oven are an air temperature of 60ºC and 
absolute humidity of 5 kgH2O/ 100 kg dry air. Shrinkage models’ are tested to describe gradually the particle size 
reduction over time. Based on data analyses, a diffusive model, numerically solved by the method of finite control 
volumes, to describe the drying kinetics of potatoes considering the effect of shrinkage on mass transfer is proposed. 
The simulated data show a good agreement with the experimental ones as it can be proved by the significant 
correlation coefficient (r = 0.9984) and low maximum experimental error (4.15%) achieved.  
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1. Introduction 
 Potatoes are members of the Solanaceae family. Of the many tuber-forming Solarium species, the one 
that is most widely cultivated is Solarium tuberosum. In 2007 total world production of potatoes was 
more than 320 million tonnes, and about 66% were consumed by people as food. The other 34% 
production is used as animal feed, and as potato starch in pharmaceuticals, textiles, adhesives industries. 
In industry, the drying technologies have been widely used for processing food products. However, 
during the drying food materials may undergo undesirable changes such as shrinkage that has a negative 
effect on the required characteristics of dehydrated product for commercial usage. The analyses of the 
drying kinetics data permits to understand the moisture transfer inside the foods considering the shrinkage 
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of samples and mechanisms involved. In the last fifty years, many studies were done to investigate the 
drying of foods, especially potatoes [1-19]. Such analyses aid practitioners not only to decide how 
significant is internal resistance as compared with external resistance to the moisture transfer but also 
select a suitable air-food contactor assuring better quality attributes of final products. Thus, the aim of this 
research is to present an experimental and theoretical study of drying kinetics considering the shrinkage 
of spherical potatoes samples. 
Nomenclature 
X, X0, XE food moisture: punctual at time "t"; Initial, equilibrium, kg H2O/kg dry solid [ - ] 
I dimensionless free moisture [ - ] 
rW, rP, rE position coordinates of method of finite volume control [ L ] 
r position inside of cylinder [ L ] 
r* dimensionless posision [ - ] 
R position on the surface of solid [ L ] 
DEF Effective Diffusivity [ L
2/T ] 
Us dry solid density, kg H2O/m3 dry solid [ M/L3 ] 
Ua dry air density, kg H2O/m3 dry air [ M/L3 ] 
KP partition coefficient, kg dry air /kg dry solid [ - ] 
Y2, Yf interface and bulk moisture content, kg H2O /kg dry solid [ - ] 
t drying time, s [ T ] 
aP, aE, aW, aK coefficients of numerical grid [ - ] 
KM2 natural convective mass transfer coefficient [ L/ T] 
A, A0 area punctual at time and initial [ L
2 ] 
E1 first root: Bessel function of first order [ - ] 
'r* position between two any numerical grid points [ - ] 
2. Modeling of drying kinetics taking into account the shrinkage 
 The model proposed for predicting the drying kinetics of potato taking into account the shrinkage of 
samples is showed in Table 1, with the boundary conditions.  
715Marcelo S. Bacelos and Paulo I.F. Almeida / Procedia Food Science 1 (2011) 713 – 721
Table 1. Model of drying kinetics taking into account shrinkage of spherical potatoes  
1.Physical considerations and control volume: 
- spherical geometry;   
- transient unidirectional mass transfer phenomena in radial 
direction; 
- material is homogeneous and isotropic; 
- transient heat transfer: lamped capacitance model, which is 
based on the assumption of a spatially uniform temperature 
distribution within a food (BiH <0,1);   
- moisture distribution initially is uniform in the whole food 
material;   
-diffusion in only one direction (radial); 
-evaporation occurs on the surface of the food;
ePw
r'
2
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Figure 1- Control volume 
- The effective diffusivity varies with the moisture content; 
- diffusion moisture flow inside the food material surface is same 
as convection moisture flow on external surface. 
3. Mass transfer 
Mass balance for moisture in food: 
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The mass balance for moisture in food can be rewritten: 
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Dimensionless boundary and initial conditions: 
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4. Numerical solution: Method of finite control volume [20] 
Full implicit discretization of the Equation (2) in the control 
volume according to Figure 1: 
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Relationships between dimensionless radius in the following 
positions:
*r E, *r W  and *r P  (see Figure 1) 
     2***2***3*3* WWEEWEWE rrrrrrrr   ( 4 ) 
The Equations ( 5 ), ( 6 ) are substituted in Equation ( 4 ) and this 
equation may expressed as: 
  3 *2*3*3* rrrr PWE '  ( 7 ) 
By solving the integration (Equation 3) and substitute the 
Equations (5), (6) and (7) in (3),  it results in following equation: 
)i(a)i()i(a)i()i(a)i()i(a KEEWWPP II I ( 8 ) 
Equation (8) is the general discretization equation present by 
Patankar [20], using finite volume control to solve diffusive 
models. 
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Coefficients in the inside points of numerical grid 
 12 dd PNi  can be calculated as: 
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5. Discretization of boundary conditions: 
At the center: 
             1a1.1a1.1a1.1a KEEEWPP II I ( 12 ) 
It is assumed the first order approach in the center, resulting in the 
following coefficients of numerical grid as: 
   11 PP aa  
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( 13 ) 
The boundary condition on the surface of numerical grid can be 
discretizated by a second order approuch: 
     NP2 * MEPP BiraNPaNPa ' ( 14 ) 
)()()( NPaNPaNPa WEW  ( 15 ) 
   NPaNPa KK  ( 16 ) 
0)(  NPaE ( 17 ) 
6. Effect of Shrinkage on mass transfer The Kilpatrick et al. [21] model’s fitted better the experimental 
results, thus radius of samples can be expressed by: 
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7. Effective diffusivity 
Mclaughlin & Magee [9] relate the effective diffusivity with the 
shrinkage by using the definition of a drying constant (K): 
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( 19 ) 
In the initial time R = 10 cm and DEF = 5.0.10 -10 m2/s. Then the 
valor of K can be determinate by Equation (19).  
For each new radius, determined by image analyses and expressed 
by equation (21), a new value of effective diffusivity was 
obtained:
).( 3
2
XbacDEF  
( 20 ) 
where, a, b and c are adjusted parameters to the fitted model. 
3. Materials & Methods 
 Spherical potatoes samples with 10mm diameter were dried in the natural convenction oven at an air 
temperature of 60ºC and absolute humidity of 5 kgH2O/ 100 kg dry air. For each test and before drying, 
samples are blanched 5 minutes in 90°C water, and then the surface water is removed with a filter paper. 
The weight and volume changes of three samples of food are continuously measured by a vision and 
weighting system interfaced with computer, as schematically shown in Figure 2.  
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Fig. 2. Experimental apparatus  
Shrinkage models’ are tested to describe gradually the particle size reduction over time. Based on data 
analyses, a diffusive model, numerically solved by the method of finite control volumes, was proposed to 
describe the drying kinetics of potatoes taking into account the shrinkage. Details on model were showed 
in Table 1. 
The error between experimental and calculated values was obtained using the following equation: 
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(21) 
4. Results & Discussion 
Figure 3 shows the shrinkage experimental data and adjusted models. Concerning the shrinkage 
models tested, both Kilpaltrick et aL. (1955) and linear model’s fitted better the experimental data. This 
can be proved by calculated statistics parameters such as correlation coefficient and maximum 
experimental error depicted in Table2. The found results showed that samples presented a linear-
shrinkage behavior with moisture (A/A0  vs. X) until it reaches a limit moisture content of about 1 (dry 
basis). From this point, the material stops to shrinkage. However, McLauglin e Maggee [6] found a limit 
shrinkage at moisture content lower than 0.5 (dry basis), where samples became rigid and friable.  
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Fig. 3. Shrinkage models. (a) Kilpaltrick et al. (1955) model’s,  (b) Lineal model 
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Table 2. Shrinkage parameters fitted to experimental data 
Models A B r E(%) 
Kilpatrick 0.80000 0.80000 0.9986 9.92 
Linear 0.16229 0.16322 0.9972 10.83
Figure 4 show the photographs of spherical samples during the drying in a natural convective oven. It 
can be observed in Figure 4 that samples maintain the spherical shapes with the loss of moisture during 
drying. Such results can be proved by the analysis of shape factor (not shown herein) along with the 
drying time, during which this parameter remains close to the unit.  
 (a) (b)  (c) (d)
(e) (f) (g) (h)
Fig. 4. Shrinkage of samples during drying time, a)0h (beginning); b)1h; c)2h; d)3h; e)4.5h; f)5.5h; g)7.35h; h)9.5h 
Figure 5 presents the drying flux as a function of time considering and neglecting size reduction of 
samples. Either neglect or consider the shrinkage, it can be noted a short constant drying flux followed by 
long falling one. These results were in good agreement to those reported by Mc Minn and Magee [6]. 
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Fig. 5. Drying flux as a function of time 
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In addition, by using the method of finite control volumes to solve the differential equation of mass 
transfer for moisture content inside the spherical potato (details in Table 1), the dimensionless free 
moisture content profile along with radius axis was determined, as can be seen in Figure 6. Noted that, at 
the beginning of drying (i.e., at 3600s) the moisture content inside the food remains almost spatially 
uniform and the moisture content shape profile is sigmoid. From time of 10800s to 36000s the moisture 
content shape profiles are parabolic, a fact that is consistent with the model equation.  
Figure 7 depicts the experimental and simulated data of dimensionless free moisture content as a 
function of drying time. In the beginning of drying, the diffusive model, not taking into account the 
shrinkage, fits better the data, as can be seen in Figure 7. After, such model underestimates the internal 
mass transfer phenomena as it does not take into account the changes in internal resistance promoted by 
size reduction over time, leading to a significant effect on describing the drying kinetics data. However, 
model taking into account shrinkage present a better agreement to the experimental data. This can be 
proved by high significant correlation coefficient and low maximum error (e.g., r=0.9984, E=4.15). 
Moreover, at the beginning of drying, the estimated Biot number (BiM) reaches the value of 20. After, this 
value continuously changes until it reaches a value close to 30 for 10h drying. Noted that, as BiM equals 
to 30 the equilibrium moisture content on the surface of samples is achieved (i.e., 0.02152, in dry basis). 
Such results, for BiM are in agreement to those reported by Hernandez et al. [19]. 
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Fig. 7. Dimensionless free moisture content as a function of drying time 
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5. Conclusion 
The shrinkage of spherical potatoes can be described by both tested models: Linear and Kilpaltrick. 
With respect to model of drying, at the beginning, the diffusive model neglecting the shrinkage of 
samples fits well the experimental data. As the drying progresses, such model overestimates mass transfer 
phenomenon as it does not take into account the modifications in the internal resistance on mass transfer. 
However, the model considering the shrinkage presents a better agreement with the experimental data of 
drying kinetics. This suggests that, although BiM, in order of magnitude, is not significantly changed (i.e., 
50% higher) from beginning to the end of drying (e.g., 20 to 30), the reduction of sample size has an 
important effect on predicting drying kinetics. This suggests that model is highly sensitive to 
dimensionless Biot number (BiM)
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